Brachial artery pulse pressure is a predictor of (cardiovascular) morbidity, but its determinants in individuals with Type II diabetes and untreated mild hypertension have not been elucidated. We therefore cross-sectionally investigated determinants of brachial artery mean 24 h pulse pressure in 60 individuals (40 males ; age, meanpS.D., 57.8p7.5 years) with Type II diabetes [median diabetes duration (interquartile range), 6.3 (3.6-10.1) years] and untreated mild hypertension [sitting blood pressure 140/90 mmHg and 190/120 mmHg (mean of two consecutive auscultatory office measurements after 5 min of rest)]. We measured (1) three potential determinants reflecting different aspects of central artery stiffness [the overall systemic arterial compliance, the aortic augmentation index and 1/(regional carotido-femoral transit time)], (2) structural and functional changes of the circulatory system often observed in Type II diabetes, and (3) diabetes-associated metabolic variables. After adjustment for age, gender and mean arterial pressure, brachial artery pulse pressure was associated with autonomic function [standardized regression coefficient (β), k0.27 (P l 0. . Aortic augmentation index and 1/(carotido-femoral transit time) were not independently associated with pulse pressure. In conclusion, in individuals with Type II diabetes and untreated mild hypertension, brachial artery pulse pressure is determined mainly by proximal aortic stiffness in a way which is not strongly influenced by peripheral pulse wave reflection. Approx. 60 % of the variance in brachial artery pulse pressure could be explained by potentially modifiable determinants.
INTRODUCTION
Type II diabetes mellitus is associated with increased arterial stiffness [1, 2] , which may partly explain the increased cardiovascular morbidity and mortality associated with this disorder [3, 4] . Brachial artery pulse pressure, i.e. the difference between brachial artery systolic and diastolic blood pressure, is strongly associated with cardiovascular morbidity and mortality [5] [6] [7] [8] [9] [10] [11] [12] [13] . Increased brachial artery pulse pressure is thought to reflect, to an important extent, increased stiffness of the central arterial system [5] [6] [7] [8] [9] [10] [11] [12] [13] , which in turn, through several mechanisms [14] [15] [16] [17] , increases the risk of cardiovascular disease. It is therefore of considerable interest to gain insight into the causes of an increased brachial artery pulse pressure.
Central arterial stiffness can be more specifically estimated from the following : the systemic arterial compliance [18] that is the overall buffering capacity of the arterial system and is insensitive to the influence of pulse wave reflection ; the aortic pressure augmentation index [19, 20] , which also reflects arterial stiffness, but is based on analysis of the contribution of reflected pulse waves to aortic blood pressure ; and from the aortic pulse wave velocity or 1\(carotido-femoral transit time) [21] , which represent the average stiffness over the aortic segment. Thus these estimates reflect different aspects of central artery behaviour, but their relative contributions to brachial artery pulse pressure have not been investigated. In addition, Type II diabetes is associated with other structural and functional changes of the circulatory system, such as increased carotid artery diameter [22, 23] , decreased endothelium-dependent and -independent vasodilatation [24, 25] , dysfunction of the autonomic nervous system [26] , and an impairment of the blood pressure decline during sleep [27] , which may affect brachial artery pulse pressure, because either they increase central arterial stiffness or through other mechanisms.
To investigate the determinants of brachial artery pulse pressure we estimated in individuals with Type II diabetes and untreated mild hypertension, central arterial stiffness from systemic arterial compliance, aortic augmentation index, and 1\(carotido-femoral transit time), and investigated their associations with brachial artery pulse pressure. In addition, we investigated whether other structural and functional changes of the circulatory system known to be associated with Type II diabetes were associated with brachial artery pulse pressure, and, if so, whether these associations appeared mediated through central arterial stiffness. Finally, we investigated the associations between diabetes-associated metabolic variables and brachial artery pulse pressure, and whether any such associations appeared mediated through central artery stiffness or through other structural and functional circulatory changes associated with Type II diabetes.
METHODS

Patients
Screened patients were used for a randomized controlled trial designed to compare antihypertensive strategies in hypertensive individuals with Type II diabetes. They were recruited from the Internal Medicine outpatient clinic of the University Hospital Vrije Universiteit, from five other clinics in the same region, and by newspaper advertisements. Inclusion criteria were Type II diabetes mellitus for 6 months (WHO criteria 1985 [28] ), age between 35 and 70 years, sitting blood pressure 140\90 mmHg and 190\120 mmHg (mean of two consecutive auscultatory office measurements after 5 min of rest), Caucasian ethnicity and albumin excretion 100 mg per 24 h. We excluded individuals who were pregnant or planning pregnancy, had previous myocardial infarction, angina pectoris, coronary artery bypass surgery or angioplasty, stroke, congestive heart failure, malignancy or other serious illnesses, had serum creatinine 140 µmol\l, had used any antihypertensive medication in the previous month or angiotensin-converting enzyme inhibitors in the previous 3 months, had a body mass index (BMI) 35 kg\m#, abused alcohol and\or drugs, or participated in a clinical trial. The protocol was approved by the appropriate medical ethics committees.
All measurements were performed during a single morning (08:00-13:00 hours). Intake of food and caffeinecontaining beverages, and smoking, were not allowed from 22:00 hours the night before the measurements were taken. Firstly, we took blood samples. The participants were then allowed a light low-fat meal without caffeine-containing beverages. We next measured mass and height. BMI was calculated as mass\height# (in kg\m#). Subsequently, we measured blood pressure, carried out cardiac and vascular ultrasound examinations, and radial artery tonometry. Finally, we started 24 h ambulatory blood pressure measurements.
Blood pressure, radial artery tonometry, systemic arterial compliance, aortic augmentation index and 1/(carotidofemoral transit time)
After the patients had rested for 15 min in the supine position, we recorded brachial artery systolic, mean and diastolic blood pressures (in mmHg) in the left upper arm at 5 min intervals using an oscillometric blood pressure measuring device (Colin Press-Mate BP-8800 ; Colin, Komaki-City, Japan). These blood pressure measurements were done during vascular ultrasound and tonometry, and their average (median, n l 9) was used for calibration of radial artery tonometry recordings and for calculation of systemic arterial compliance.
Applanation tonometry is a reliable, non-invasive way to obtain continuous blood pressure recordings in the radial artery [20, 29] . We used a pencil-type applanation tonometer (Millar SPT-301 ; Millar Instruments, Houston, TX, U.S.A.) for the measurement of radial pressure curves. We stored three recordings, with a duration of 4 s each, once the pressure curve was stable and not disturbed by movement of the observer or the patient. These recordings were then used as input into the blood pressure analysis computer software [30] that generated the corresponding central ascending aortic pressure waveform using a validated transfer function [30] [31] [32] . Aortic blood pressure waveforms were then used for the calculation of systemic arterial compliance and augmentation index described below.
Systemic arterial compliance (ml\mmHg) was determined according to the exponential decay method [18] , based on the two-element Windkessel model. In this model, systemic arterial compliance is the first element and peripheral resistance the second. Systemic arterial compliance can be calculated as τ\peripheral resistance, where τ is the characteristic decay time of aortic blood pressure in diastole, in turn obtained from
where ∆t is the average diastolic pressure decay period (s) from 10 mmHg above (P1) to 10 mmHg below mean arterial pressure (P2), as derived from the central aortic pressure waveform recordings. Peripheral resistance was determined as mean arterial pressure\cardiac output (in ml\s) ; the latter was determined using echocardiography (5 MHz-phased array transducer, Ultramark HDI 3000 ; Bothell, WA, USA) immediately preceding the vascular measurements by pulsed-wave Doppler measurements of the left ventricular outflow tract. The time-decay method is accurate within 10 % [18] ; the intra-observer variability (coefficient of variation) between measurements within 1 day was 8.3 % (n l 6).
The aortic augmentation index, which can be derived from wave analysis of central aortic blood pressure, is the ratio ( %) of systolic blood pressure, which consists of the summation of forward and backward reflected waves, to blood pressure at the inflection point in the upward slope of the systolic pressure wave, which represents blood pressure without the contribution of the backward wave [17, 20, [33] [34] [35] . Increased arterial stiffness will increase forward and backward pulse wave velocity and, thus, the aortic augmentation index [34] . We observed an intra-observer variability (coefficient of variation) between measurements within 1 day of 3.6 % (n l 75), which is comparable with that of others [36] .
In short, the carotido-femoral transit time (in ms) is the travelling time of a pressure wave from the common carotid to the femoral artery, and is negatively related to mean arterial stiffness over the carotido-femoral segment [37] . It is closely related to carotido-femoral pulse wave velocity [21] , as length of the carotido-femoral arterial segment divided by pulse wave velocity. However, as non-invasive measurement of this length may introduce error, especially in older patients [21] , we chose to use the carotido-femoral transit time, and to adjust for body height in statistical analyses. We determined the carotidofemoral transit time by continuously measuring diameter through time (distension curves) of the common carotid artery (described below) and, in the same way and during the same examination, of the right femoral artery diameter approx. 20 mm proximal to the bifurcation of the common femoral into the deep and superficial femoral artery. We then determined the mean time period (mean of three recordings lasting 4 s each per artery) within a heartbeat between the ECG trigger and the foot of the distension curve of both arteries, and subtracted the carotid artery value from those in the femoral artery to obtain the carotido-femoral transit time. We observed an intra-observer variability (coefficient of variation) between measurements within 1 day of 4.4 % (n l 9), which is comparable with that found by others [36] . To make data interpretation more convenient we used 1\(carotidofemoral transit time) in the data representation and analyses, as carotido-femoral transit time itself is inversely related to carotido-femoral pulse wave velocity and to mean arterial stiffness over the carotido-femoral arterial segment.
Common carotid artery diameter
Common carotid artery diameter was determined using an ultrasound system [Pie 350 scanner (linear array, 7.5 MHz transducer) ; Pie Medical B. V., Maastricht, the Netherlands] as described in detail previously [22, 38] . Intra-observer variability (coefficients of variation) between measurements was 1.5 % for common carotid artery diameter, 2.9 % for distension, and 4.2 % for arterial strain (within 1 day ; n l 9).
Brachial artery endothelium-dependent and -independent vasodilatation and brachial artery distension
Immediately after assessing arterial stiffness, we measured endothelium-dependent and -independent vasodilatation as described in detail previously [39, 40] . From the baseline diameter measurements, we also calculated brachial artery distension [distension (µm) l systolic diameter-diastolic diameter]. Intra-observer coefficients of variation were 10.7 % for flow-mediated vasodilatation and 7.7 % for glyceril trinitrate-induced vasodilatation [41] .
Cardiovascular autonomic function
Autonomic nervous function was assessed with the deep breathing test and the lying-to-standing test according to the Ewing standard [26] . Cardiac cycle duration (RRinterval) was measured after 10 min of rest during six deep breaths over 1 min in the supine position, and during an active change in position from lying to standing. The frequency of breathing at six breaths per min was dictated by a computer. We obtained RRintervals from an electrocardiogram by a hardware QRS detector with an accuracy of 1 ms. We then computed three measures from the recordings : the inspirationexpiration (IE) difference (in ms), which is the mean difference between the shortest and the longest RRinterval during deep breathing over the six consecutive breaths ; the RR max (ms), which is the difference between the mean RR interval during 1 min of rest prior to standing up and the minimum RR-interval within 15 s after standing up ; and the RR max/min (arbitrary units), which is the maximum RR interval between 15 s and 30 s after standing up, divided by the minimum RR interval within 15 s after standing up [26] . The IE difference is considered to be an estimate of parasympathetic nervous function, the RR max reflects both parasympathetic and sympathetic nervous function, and the RR max/min mainly reflects sympathetic nervous function [26] .
Ambulatory blood pressure monitoring
Ambulatory blood pressure monitoring (Spacelabs 90207 ; Spacelabs Medical, Redmond, WA, U.S.A.) was used to estimate average 24 h pressures and the blood pressure decline during sleep. Blood pressure was determined at 15-min intervals between 07:00 and 22:00 hours, and at 20-min intervals from 22:00 to 07:00 hours. From the ambulatory measurements, mean systolic and diastolic pressures, and mean blood pressure were determined. Pulse pressure was calculated as mean systolic minus mean diastolic blood pressure. Waking and sleeping blood pressures were calculated using a diary kept by the patients during the 2 days of the measurement [42] . The blood pressure decline during sleep (' nocturnal dipping ') was defined as difference between the mean blood pressures during the awake and asleep periods.
Statistics
Data are expressed as mean (pS.D.), or as median (interquartile range). Mean 24 h brachial artery pulse pressure was the dependent variable in all analyses, unless otherwise indicated. In three sets of analyses, we used linear regression to investigate the associations of brachial artery pulse pressure with, as key independent variables, measures of central arterial stiffness [systemic arterial compliance, aortic augmentation index and 1\(carotidofemoral transit time) ; set 1] ; other structural and functional circulatory changes associated with Type II diabetes (common carotid artery diameter, brachial artery endothelium-dependent and -independent vasodilatation, autonomic nervous system function and the blood pressure decline during sleep ; set 2) ; and diabetesassociated metabolic variables (set 3). We next investigated whether any associations with P 0.10 after adjustment for age, gender and mean arterial pressure (plus for body height and heart rate at the time of the measurements in case of augmentation index, as these variables influence arterial wave reflection [43, 44] ) were mediated by measures of central arterial stiffness (in sets 2 and 3), or by other structural and functional circulatory changes (in set 3). We then did several additional analyses. Firstly, we investigated whether adjustment for local properties of the brachial artery (diameter and distension), or for the use of antihypertensive medication prior to participation, influenced the associations that we found. Secondly, we adjusted for common carotid artery strain in analyses with measures of autonomic function as independent variables to investigate whether an association between autonomic dysfunction and pulse pressure was mediated through decreased baroreflex function caused by a local increase in stiffness, as has been suggested previously [45] . Thirdly, we re-analysed the data with mean pulse pressure awake and asleep as dependent variables to investigate whether associations with any one of these two were different compared to associations with mean 24 h values. Finally, we used brachial artery mean 24 h systolic and diastolic blood pressure as dependent variables instead of mean 24 h pulse pressure, in order to investigate whether associations with pulse pressure were mediated through associations with systolic blood pressure, diastolic blood pressure, or both.
Results of linear regression analyses were expressed as standardized regression coefficients (probability values). P 0.05 was considered statistically significant. SPSS (SPSS for Windows, version 9.0 ; SPSS, Chicago, IL, U.S.A.) was used for all statistical analyses.
RESULTS
Eighty-three individuals met the inclusion criteria. For technical and logistical reasons, data on one or more variables were missing in 23 subjects ; these individuals were not included in the analyses. No statistically significant differences existed between these 23 individuals and the 60 who were included with respect to the variables described in Table 1 . Table 1 shows clinical characteristics of the study population. Older age, female gender and mean arterial pressure were positively associated with brachial artery pulse pressure, and this remained so after further adjustment for systemic arterial compliance, carotid artery diameter, autonomic function or blood pressure decline during sleep [ Table 2 ; standardized regression coefficient (β) for mean arterial pressure after adjustment for age and gender, 0.56 (P 0.001)].
Central arterial stiffness as a determinant of brachial artery pulse pressure
After adjustment for age, gender and mean arterial pressure, systemic arterial compliance tended to be Pulse pressure in Type II diabetes [54] . † Calculated from stroke volume using heart rate during the cardiac ultrasound procedure. ‡ According to Wieling [55] .
negatively associated with brachial artery pulse pressure (Table 2) . Univariately, aortic augmentation index tended to be positively associated with pulse pressure [ β, 0.18 (P l 0.17)], but adjustment for age, gender, mean arterial pressure, heart rate and body height markedly changed the association [ β, k0.14 (P l 0.24)]. 1\(carotido-fem- * Except when either was the variable under consideration. † Additional adjustment for heart rate had no major effects. ‡ Because the blood pressure decline during sleep is directly related to the mean 24 h pulse pressure and the mean 24 h mean arterial pressure, we used the mean daytime brachial artery pulse pressure as dependent variable, and adjusted for the mean daytime mean arterial pressure, both as obtained by 24 h ambulatory blood pressure monitoring.
oral transit time) was not statistically significantly associated with pulse pressure after adjustment for age, gender, mean arterial pressure and body height [ β, 0.09 (P l 0.40)].
Other diabetes-associated structural and functional circulatory changes as determinants of brachial artery pulse pressure
Common carotid artery diameter tended to be positively associated with pulse pressure, but the strength of this association somewhat increased after additional adjustment for systemic arterial compliance or IE difference ( Table 2 ). The three measures of cardiovascular autonomic function and the blood pressure decline during sleep were all negatively associated with pulse pressure, and were not significantly altered after mutual adjustment, or adjustment for systemic arterial compliance or common carotid artery diameter (Table 2) . Additional adjustment for mean 24 h heart rate or for common carotid artery strain in autonomic function analyses did not materially alter the associations (results not shown). Brachial artery endothelium-dependent and -independent vasodilatation were not statistically significantly associated with pulse pressure after adjustment for age, gender and mean arterial pressure (P 0.35).
Diabetes-associated metabolic variables and smoking as determinants of brachial artery pulse pressure
After adjustment for age, gender and mean arterial pressure, the fasting glucose concentration, the percentage glycated haemoglobin and diabetes duration were positively associated with pulse pressure (Table 2) . These associations were similar after additional adjustment for systemic arterial compliance, common carotid artery diameter, measures of autonomic function or blood pressure decline during sleep (Table 2) . Cholesterol concentrations (total cholesterol, low-density lipoprotein and high-density lipoprotein), triacylglycerol con- centration, BMI and cigarette smoking were not statistically significantly associated with pulse pressure after adjustment for age, gender and mean arterial pressure (P 0.15).
Combined analyses of determinants of brachial artery pulse pressure Table 3 shows the final multivariate model that includes all determinants selected based on the above analyses. This model explains 68-70 % of the variance in brachial pulse pressure ; potentially modifiable determinants explain about 61-64 %. The point estimate of the association between blood pressure decline during sleep and pulse pressure decreased considerably in the combined analyses ; confounders were (in order of magnitude of the effect) glycaemic control, diabetes duration, autonomic function, common carotid artery diameter and systemic arterial compliance.
Additional analyses
The above results were not materially altered after additional adjustment for local brachial artery diameter or distension, or after additional adjustment for the use of antihypertensive medication prior to participation in this study (results not shown). Analyses with pulse pressures awake and asleep did not differ materially from those with mean 24 h pulse pressure as dependent variable, although the associations with awake pulse pressure were somewhat stronger (results not shown). When we used mean 24 h systolic blood pressure (instead of pulse pressure) as the dependent variable, all associations were similar but weaker. In contrast, the signs of the associations with mean 24 h diastolic blood pressure as dependent variable were opposite to those with pulse pressure (or systolic pressure) as dependent variables. This indicated that associations of independent variables with pulse pressure were the result of combinations of associations with systolic blood pressure and associations, in the opposite direction, with diastolic blood pressure (results not shown). Univariate associations with P 0.10 were not materially affected by adjustment for age, gender and mean arterial pressure (results not shown).
DISCUSSION
We found that in individuals with Type II diabetes and untreated mild hypertension approx. 60 % of the variance in brachial artery pulse pressure, which is strongly associated with a poor cardiovascular prognosis [5] [6] [7] [8] [9] [10] [11] [12] [13] , could be explained by potentially modifiable determinants, notably mean arterial pressure, systemic arterial compliance, common carotid artery diameter, autonomic nervous system function, blood pressure decline during sleep and glycaemic control. Systemic arterial compliance, but not the aortic augmentation index or 1\(carotido-femoral transit time), was significantly and negatively associated with brachial artery pulse pressure. Because systemic arterial compliance represents the overall buffering capacity of the entire arterial system, and because 1\(carotido-femoral transit time) reflects mainly stiffness of the descending aorta, our findings, taken together, suggest that pulse pressure is determined mainly by the proximal aortic stiffness, which is consistent with findings in animals [46] and from circulation models [47] . In addition, our results show that in individuals with Type II diabetes and untreated mild hypertension, the aortic augmentation index is not an independent determinant of brachial artery pulse pressure, which does not support a major role for peripheral pulse wave reflection.
A larger common carotid artery diameter, which may reflect arterial remodelling [23] , and an impaired autonomic nervous function were associated with a higher brachial artery pulse pressure that was largely independent of, and thus could not be entirely explained by, systemic or local carotid artery estimates of arterial stiffness [45] . The independence of the local carotid artery strain, in particular, argues against the involvement of baroreceptor dysfunction in the association of impaired autonomic function with increased pulse pressure [45] . In addition, this association was also independent of an impaired blood pressure decline during sleep [27] and an increased heart rate. It appears that impairment of both the parasympathetic and the sympathetic nervous system is involved, as all three measures of autonomic dysfunction showed rather similar associations with pulse pressure. To elucidate the underlying mechanisms linking autonomic dysfunction to increased pulse pressure further investigations are required.
An impaired blood pressure decline during sleep was an additional determinant of a higher brachial artery pulse pressure (Table 2) , which was independent of the direct pulse-pressure-lowering effect of the blood pressure decline during sleep. However, this association was not independent of glycaemic control, diabetes duration, autonomic function, carotid artery diameter and systemic arterial compliance ( Table 3 ), indicating that many factors are at play in the complex physiology of the blood pressure decline during sleep and the regulation of pulse pressure.
Brachial artery endothelium-dependent and -independent vasodilatation were not significantly associated with brachial artery pulse pressure or with estimates of central artery stiffness, which does not support the hypothesis that endothelial or smooth muscle cell function directly affects local or central pulse pressure [36] .
Brachial artery pulse pressure was positively associated with fasting glucose and HbA "c concentrations, and with diabetes duration. These associations were not mediated through systemic arterial compliance, and for a minor part only through autonomic dysfunction, common carotid artery diameter and blood pressure decline during sleep, which indicates that hyperglycaemia is associated with increased pulse pressure through pathways other than the ones that we investigated, for example through affecting cardiac function. Alternatively, hyperglycaemia may increase arterial stiffness in a way not reflected by the estimates of central artery stiffness that we used.
Women had higher pulse pressures compared with men, which remained higher after adjustment for the other determinantsof pulse pressure under investigation (Tables 2 and 3 ) and for body height (results not shown). These findings are consistent with the observation of an increased aortic stiffness in women compared with men, with Type II diabetes [48] , and with results showing that insulin resistance is more strongly associated with arterial stiffness in women than in men [2, 49] . These observations may in part explain why diabetes is more strongly associated with cardiovascular disease in women than in men [50] . In addition, we found that systemic arterial compliance was smaller and that the aortic augmentation index was higher in women compared with men, which remained after adjustment for age, mean arterial pressure and heart rate, but not after additional adjustment for body height (results not shown).
Potentially modifiable factors, such as mean arterial blood pressure, blood pressure decline during sleep and glycaemic control, thus determine much of the variance in brachial artery pulse pressure, suggesting that the favourable effects on cardiovascular prognosis of antihypertensive and blood-glucose-lowering treatment [51] may in part be related to their effects on pulse pressure. Specific treatments aimed at improving autonomic nervous function and arterial wall properties are not yet available, but are under development [52] , and may lower pulse pressure.
This study has several limitations. Firstly, its crosssectional nature requires that associations be interpreted with caution with regard to causality. Secondly, we focused on large artery function and did not directly consider cardiac determinants of pulse pressure, nor did we assess the contribution of advanced glycation end products, a potentially important determinant of arterial stiffness. Thirdly, some participants had received antihypertensive treatment up until 1 month (or 3 months in case of an angiotensin-converting enzyme inhibitor) prior to this study, which may have influenced the results. However, statistical adjustment for the use of antihypertensive medication prior to the study did not alter the results. Finally, our results were obtained in individuals with Type II diabetes and untreated mild hypertension, a combination that carries a particularly poor prognosis [53] ; however, it is not clear to what extent our results are applicable to other groups.
In conclusion, we found that in individuals with Type II diabetes mellitus and untreated mild hypertension, a higher brachial artery pulse pressure was associated not only with variables that increase arterial stiffness, such as a higher mean arterial pressure and a smaller systemic arterial compliance, but also, and independently, with variables that do not appear to directly reflect increased arterial stiffness, such as an impaired autonomic nervous function and a higher glucose concentration. In addition, we found that the female gender was associated with a higher brachial artery pulse pressure, which may in part explain why diabetes is more strongly associated with cardiovascular disease in women compared with men.
